M A T E R I A L S A N D M E T H O D S
The reproductive cycles of Patella depressa, Patella ulyssiponensis and Patella vulgata were investigated at the northernmost part of the Portuguese coast, within an area encompassing about 100 km of coastline, where five rocky shores were selected for sampling: Moledo Samples of 30-50 individuals of each species were collected haphazardly in each shore, within size-ranges of 15-35 mm for P. depressa, 20-45 mm for P. ulyssiponensis and P. vulgata, and 20-35 mm for P. rustica. All samples were stored in a 5% formalin-seawater solution until gonad examination in the laboratory. The sex of all specimens was determined and the maturity of gonads was macroscopically assessed and categorized according to the scale established by Orton et al. (1956) for P. vulgata. The reproductive cycle of each population was described by the monthly variation in the percentage of neuter or almost empty gonads (Stages 0 and 1) and in the percentage of full gonads (Stages 4 and 5). Spawning events were identified by a drop in the proportion of full gonads and a concomitant increase in the percentage of empty gonads.
Reproductive synchrony among sexes was investigated using standard correlation analyses (Pearson's correlation coefficient) on the proportion of gonads at an early development condition (Stage 1) and the proportion of mature gonads (Stages 4 and 5) for each location and species. Both variables were highly correlated among males and females (Pearson's r: P , 0.001 at every location and for all species), and therefore, subsequent analyses were performed on pooled data. Correlation analysis was also used to test for synchronization among locations within each species, by calculating correlation matrices and testing the significance of correlation coefficients among each pair of locations.
R E S U L T S
The average male:female ratio within sites over the study period showed a predominance of females in samples of Patella ulyssiponensis (range 0.6:1 to 1.1:1), Patella vulgata (0.6:1 to 1.0:1) and Patella rustica (0.8:1), whilst in Patella depressa males were collected consistently in higher numbers than females (1.3:1 to 1.5:1).
The reproductive cycles of P. depressa and P. ulyssiponensis displayed similar annual patterns (Figures 1 & 2) , with gonad development being observed throughout the year and considerable proportions of undeveloped gonads occurring mainly between May and July. It is clear that both species went through multiple spawning events within each study year. Main spawning periods typically took place between September and January, followed by gonad re-ripening with another major spawning event between March and June. There was, however, considerable variation around the basic reproductive pattern among years and locations, particularly in P. depressa, as confirmed by the lack of a significant correlation in levels of gonad development among most pairs of locations (Table 1 ). An example of the variability displayed by P. depressa could be seen at Aguda in 1999 ( Figure 1E ), with 50-70% of the individuals remaining inactive from January to May, while in other locations this percentage was much lower. In P. ulyssiponensis, there was a significant correlation in the proportion of undeveloped gonads among all locations, but a weaker correlation was found when considering the proportion of ripe gonads (Table 2) . In both species, results suggest that individuals within each population were poorly synchronized, since all stages of development were represented in the majority of monthly samples. Higher levels of within-population synchronization were observed during the partial early summer pause and the subsequent development period.
In contrast, P. vulgata ( Figure 3 ) and P. rustica ( Figure 4 ) displayed highly synchronized seasonal breeding cycles, with smaller variation in gonad development within most samples, as well as minimal year to year differences. In P. vulgata, a significant correlation in the proportions of undifferentiated and full gonads was found among sampling sites throughout the study period (Table 3) . Gonad development took place between September and November, with spawning occurring almost immediately. Gonad condition declined very abruptly between November and January (with a corresponding increase in the proportion of neuter gonads), and by the end of March all individuals were in the resting condition. Gamete release took place during just one annual spawning event, except at Homem do Leme in September 1998, where there was evidence of a minor initial spawning before the main event in November. Gonad development in P. rustica also exhibited marked synchronism, with 100% of the sampled individuals remaining reproductively inactive between December -January and June. Gametogenesis started in June, and sexual maturity steadily increased until September -October, when spawning occurred. There was no sign of re-ripening during the study period, and all gonads were spent by December -January.
D I S C U S S I O N
The reproductive patterns obtained in the present study generally fit the latitudinal trend previously described for Patella and other intertidal species, consisting in progressively longer reproductive seasons and spawning occurring later in the year towards the south (Bowman & Lewis, 1986; Lewis, 1986 ). This trend is particularly noticeable in Patella depressa and Patella ulyssiponensis, two species that show markedly seasonal breeding cycles at the northern part of the range, with summer spawning periods (e.g. Dodd, 1956; Orton & Southward, 1961; Thompson, 1979; Bowman, 1985; Bowman & Lewis, 1986; Delany et al., 2002; Moore et al., 2007; McCarthy et al., 2008) , but on the other hand are capable of nearly continuous breeding in northern Portugal, with loose synchrony in gonad development and spawning. Reproductive cycles of Patella vulgata are much more synchronized throughout its range, and exhibit a marked seasonal trend, with well-defined breeding and resting periods. The most obvious change with latitude concerns the timing of spawning events, which tend to occur earlier in the northern part of the range. The main spawning period in P. vulgata starts in September in northern Scotland (Baxter, 1982 (Baxter, , 1983 Bowman & Lewis, 1986 ) and also in north-eastern England (Bowman, 1985; Bowman & Lewis, 1977 , 1986 , October-November in south-western Ireland (Thompson, 1980; McCarthy et al., 2008) , November in south-western Britain (Evans, 1953; Orton et al., 1956; Bowman & Lewis, 1986) and northern France (Fisher-Piètte, 1948; Choquet, 1966) , and November-December in northern Spain (Ibañez et al., 1986; Othaitz, 1994) and northern Portugal (Guerra & Gaudêncio, 1986 ; this study). The present work provided the first description of the reproductive cycle of Patella rustica on the Portuguese coast. However, since it lacked spatial replication and encompassed roughly two reproductive seasons, results must be interpreted with caution. During the study period, this species was reproductively active between July and December, and only one spawning event seemed to occur in each season. These results do not differ much from observations from the Basque coast of Spain, where this species displays a very similar breeding cycle, although with evidence of multiple spawning events (Othaitz, 1994) . In the Mediterranean, P. rustica has a longer breeding period, with less synchronous multiple spawnings occurring between August and November (Frenkiel, 1975; Othaitz, 1994) .
The reproductive cycles of P. depressa, P. ulyssiponensis and P. vulgata showed general similarity with those previously reported by Guerra & Gaudêncio (1986) for the northern Portuguese coast, although there were important differences. Guerra & Gaudêncio (1986) suggested that P. depressa and P. ulyssiponensis displayed a bimodal breeding pattern, due to the occurrence of reproductive pauses in summer and winter. The present results did not support their assumption, since an obvious winter pause was never observed. On the other hand, in the case of P. vulgata, although the proportion of individuals with gonads in advanced stages of development remained similar, the duration of breeding cycles in 1999 -2000 were consistently shorter than the ones reported at Moledo do Minho in the early 1980s by Guerra & Gaudêncio (1986) . These authors observed development starting in July -August, with minor spawning taking place in September -October, the main spawning period taking place between November and January, and all gonads gradually emptying until May. In the present study, the onset of gonad activity was never observed before late AugustSeptember, whilst spawning took place between November and January, with all individuals entering the neuter state until the end of March. Another important difference resides in an apparently reduced ability of multiple spawning events during P. vulgata's breeding season. Multiple spawnings in P. vulgata have been observed in the UK (Blackmore, 1969; Bowman & Lewis, 1977 , 1986 and also in northern Spain (Othaitz, 1994) . In northern Portugal, minor episodes of gamete release prior to the main spawning event were also recorded by Guerra & Gaudêncio (1986) . However, the present study suggests that they no longer occur with the same frequency.
Sea temperature has long been considered one of the most influential factors in controlling breeding in marine invertebrates (Orton, 1920; Olive, 1995) . The observed changes in the breeding cycles of Patella spp. from the early 1980s to the present might be related to the increase in seawater temperature estimated to occur along the Portuguese coast at a constant rate of 0.0108C year 21 (Lemos & Pires, 2004) . Moreover, average sea-surface temperature during winter months (December to March) in northern Portugal increased from 13.78C for the period of 1981-1983 to 14.58C for 1998 -2000 (values derived from in situ raw data obtained from the International Comprehensive Ocean-Atmosphere Data Set; Woodruff et al., 1998) . A possible consequence of this increase could be the disappearance of a potential inhibitory effect of extreme low winter temperatures on gonad development, thus allowing for continuous breeding from autumn to spring in P. depressa and P. ulyssiponensis. In the case of P. vulgata, which is close to its southern range limit (Fischer-Piètte & Gaillard, 1959; Southward et al., 1995) , increased winter temperatures are likely to have the opposite effect on gametogenesis. There is strong evidence of changes in the reproductive cycles of P. depressa and P. vulgata as far north as Great Britain, possibly driven by climate warming. In recent years, P. depressa has been spawning earlier and for longer periods, and there is also evidence of gonad re-ripening (Moore et al., 2007) . This behaviour contrasts with the severe drop in spawning success of P. vulgata recently recorded at certain locations in south-western Britain, where only a small proportion of the populations reached advanced maturity stages at some locations near Plymouth (Moore et al., 2007) . In the light of the present observations, it is likely that P. vulgata faces decreasing reproductive success also in Portugal. Further contraction of its annual spawning period could lead to growing decline in population size and connectivity at the southern end of the range. Similarly, P. rustica which is near its northern range limit (Fischer-Piètte & Gaillard, 1959; Lima et al., 2007) only spawns once, in contrast to the warmer Mediterranean and the Basque coast. However, the rising trend in seawater temperature along the Portuguese coast will favour the increase of the species' reproductive potential, thus contributing to its expansion. The sampling scheme adopted in this work does not allow investigating a possible role of environmental cues in the observed spawning patterns. However, the variability observed in the frequency and timing of spawning events in P. depressa and P. ulyssiponensis, both among years and locations, suggests a possible role of stochastic events in stimulating gamete release as soon as a certain level of gonad maturity is reached at a local scale. The same type of cues may also be involved in the induction of spawning in P. vulgata and P. rustica. However, the short time window suitable for breeding in these two species probably does not allow for gonad re-development in most seasons. A number of studies carried out in the UK (Orton et al., 1956; Orton & Southward, 1961; Thompson, 1979) suggest that spawning in Patella spp. is frequently associated with strong onshore winds and high wave action. Orton & Southward (1961) argued that air temperature was also a possible stimulus for spawning in P. depressa. Several studies conducted for P. vulgata suggested that spawning was not only associated with rough seas, but also with a drop in seawater temperature below 128C (Bowman, 1985; Bowman & Lewis, 1977 , 1986 Delany et al., 2002) . However, the large time gaps between samples did not allow the establishment of an unequivocal correspondence between periods of rough sea and spawning events. More recently, Le Quesne (2005) used high-frequency observations of gonad condition, wave action and water temperature to confirm this relationship by pinpointing main spawning events in P. vulgata to periods of high wave action, associated with a drop in sea temperature. Although lacking empirical evidence, it also appears to be the case in northern Portugal. However, the 128C threshold is probably not applicable throughout the geographical range of P. vulgata (Bowman, 1985) , and higher sea temperatures might be involved in stimulating spawning in northern Portuguese P. vulgata populations. 
